SUMMARY Distal-less ( Dll ) is best known as a transcription factor involved with "limb patterning" in Drosophila melanogaster. Observations of both deuterostome and protostome phyla have led to the suggestion that some aspect of this gene's function in "appendage" or proximal-distal "outgrowth" development is conserved. Here we explore the possibility of other conserved roles operating earlier in development. We examine the expression of DLL protein during the early development of two molluscan classes, Polyplacophora (chiton) and Gastropoda (snail). Using an antibody approach, we find DLL expression in the oocytes of a chiton ( Mopalia muscosa ) and in the pregastrulae through early veliger larvae of a marine snail ( Kelletia kelletii ). We observe antibody localization in the oocyte, nuclear expression in all cells of the pregastrulae, and predominant expression in the ectoderm of postgastrulae and early veliger larvae. Comparison of our observations on spiralian taxa, thought to have conservative development with previous work, primarily on deuterostomes, suggests the possibility of an ancient role(s) for DLL in early development. Possible functions appear to include maternal and zygotic involvement in the establishment of embryonic polarity, involvement in the process of germ layer formation, and a role in the specification and/or differentiation of ectoderm/epithelia. We note that the exploration of conserved gene function in early development may be clarified by examining taxa whose early development has putatively not been subject to dramatic evolutionary change.
INTRODUCTION
The Distal-less ( Dll ) gene from Drosophila melanogaster is best known for its involvement in limb patterning. The expression of this homeodomain-containing gene is regulated by the interactions and activity of other developmental genes, such as decapentaplegic , wingless , and hedgehog , and is an early marker of the "distal" fated central region of Drosophila imaginal discs (Cohen and Jürgens 1989; Cohen 1990 Cohen , 1991 Campbell et al. 1993; Diaz-Benjumea et al. 1994; Held et al. 1994; Lecuit and Cohen 1997) . "Homologs" of this gene (hereafter refered to as DLL genes) have been found in a handful of invertebrate taxa (Panganiban et al. 1995) , and multiple copies are present in the vertebrate lineages (see Stock et al. 1996 for review) .
Through the use of a polyclonal antibody (Panganiban et al. 1995) , expression patterns have been documented for a number of invertebrate taxa and suggest that this gene has some conserved evolutionary role in the proximal-distal patterning of "outgrowths" (Panganiban et al. 1997) . In vertebrates, the expression of DLL gene family members marks limb buds as well as whiskers, teeth, and branchial arches (Price et al. 1991; Robinson et al. 1991; Dollé et al. 1992; Özçelik et al. 1992; Bulfone et al. 1993; Dirksen et al. 1993 Dirksen et al. , 1994 Papalopulu and Kitner 1993; Porteus et al. 1994; Robinson and Mahon 1994; Simeone et al. 1994; Weiss et al. 1994; Morasso et al. 1995; Nakamura et al. 1996; Liu et al. 1997; Qiu et al. 1997) . Most work has focused on this association with limb development and differentiation of tissues late in development. Less attention has been given to DLL expression in early development. In this study, we document early developmental expression of DLL in the phylum Mollusca.
Previous observations of DLL expression in early development can be divided into several categories. First, an extra-embryonic or maternal DLL role is suggested by vertebrate expression studies. In Xenopus laevis , DLL ( Xdll ) transcripts were isolated from an ovary cDNA library and this "maternal" contribution continues in the oocytes, unfertilized eggs, and cleavage-stage embryos (Asano et al. 1992) . Similarly, DLL ( Dlx4 ) is expressed in the human placenta (Quinn et al. 1997) .
Second, there are reports of DLL activity very early in development, specifically associated with the animal pole and/ or anterior portions of the embryo. In Drosophila , DLL ( Dll ) is first expressed as a stripe during cellularization of the blastoderm. This region corresponds to the future anterior segments and is localized to the dorsal third of the embryo (Cohen 1990 ). In the basal chordate, Amphioxus , Holland et al. (1996) report the expression of DLL ( AmphiDll ) in the ani-mal hemisphere of the gastrula. Asano et al. (1992) find that zygotic transcription of Xdll increases during Xenopus embryogenesis and suggest that this gene may play a role in establishing the anterior structures of the embryo.
Third, DLL genes are involved with ectoderm or epithelial patterning. The cephalochordate gastrula (Holland et al. 1996) and the zebrafish gastrula (Akimenko et al. 1994) express DLL ( AmphiDll and Dlx3 , respectively) in the regions of presumptive ectoderm. Likewise, Morasso et al. (1993) report DLL ( Xdll-2 ) expression in the epidermis of the developing Xenopus embryo. DLL ( Dlx3 ) is expressed in the surface epithelium of various murine structures (Morasso et al. 1995) , and another mouse study suggests that DLL (specifically, Dlx2 ) may be a regulator of epidermal differentiation (Porteus et al. 1994) . In Xenopus , DLL ( xDll-2 ) is expressed in the embryonic ectoderm, persists in the epidermis, and then appears to have a continuous requirement in adult skin tissue (Dirksen et al. 1994) .
Most of the information regarding early DLL function comes from studies of deuterostomes. The early expression of DLL in the fly blastoderm (Cohen 1990 ) is difficult to interpret evolutionarily in light of this organism's derived synctial early development. In the protostome phylum Arthropoda, the outgrowth role of DLL has been emphasized. Understudied protostome (Panganiban et al. 1994 (Panganiban et al. , 1997 Popadic et al. 1996; Grenier et al. 1997; Niwa et al. 1997; Williams 1998) and deuterostome (Holland et al. 1996; Lowe and Wray 1997; Panganiban et al. 1997 ) taxa have received scant attention on both fronts. To examine early protostome development for comparison with deuterostomous taxa, less derived systems must be considered. Many marine molluscs undergo a form of larval development thought to be little modified from the ancestral condition in spiralians (see Verdonk et al. 1983; Collier 1997) . We focus on this taxa as a representative of classic spiralian early development.
In this study, we examine species from two molluscan classes, Polyplacophora and Gastropoda, and with differing life history strategies, broadcast spawning versus copulation. Using an antibody approach, we report the expression of a DLL gene in oocytes, embryos, and larvae. Examination of maternal influences and earliest development is more difficult in the gastropod due to internal fertilization. Thus, the observation on chiton eggs supplements the gastropod result. Our observations document expression patterns comparable to the maternal, animal pole/anterior, and ectodermal expression patterns documented in other taxa and suggest the possibility of conserved roles for DLL in early development.
MATERIALS AND METHODS
Mopalia muscosa is a common intertidal chiton (Class Polyplacophora) that reproduces through broadcast spawning (Fig. 1A ).
Adults were collected by hand from the intertidal at Palos Verdes Peninsula, Los Angeles County, California. We isolated gametes and gonadal tissue upon dissection of these specimens. Although eggs and sperm were allowed to mix, it is unlikely that fertilization occurred since chiton eggs must pass through the gonopore to be properly activated for fertilization (Strathmann 1987) . Oocytes (nonmature unfertilized eggs) were separated and used for this study.
Kelletia kelletii , the Kellet's whelk, is a subtidal predatory marine snail (class Gastropoda) that reproduces through copulation and then deposition of egg capsules (Fig. 1B) . Each capsule contains several hundred fertilized eggs that slowly develop through to a veliger larval stage. Specimens of K. kelletii were collected at Catalina Island, Los Angeles County, California, by hand, using selfcontained underwater breathing apparatus (SCUBA). Individuals held in aquaria were observed copulating and laying eggs. Egg capsules were separated from the adult snails and fixed daily.
Embryos and eggs were fixed in 3.7% formaldehyde in phosphate-buffered saline (PBS), dehydrated sequentially into ethanol, and then stored in methanol at Ϫ 20 Њ C. Expression of DLL was visualized using a polyclonal antibody (graciously supplied by G. Panganiban) that has been shown to work for a wide variety of invertebrate taxa (Panganiban et al. 1997) .
Our antibody protocol consisted of treatment with 3% hydrogen peroxide (15 min), rehydration, primary block (2 h) in PBS with Triton-X, and bovine serum albumin (PBT) plus 5% dimethyl sulfoxide (DMSO), overnight incubation in DLL antibody (1 g/ml in PBT plus 1% DMSO), washes with PBS plus Triton-X (10 times over 1 h), incubation (1 h) in anti-rabbit secondary antibody conjugated to horseradish peroxidase (1:400 with PBT plus 5% DMSO), repeat washes, and then 3 Ј 3-diaminobenzidine HCl (DAB) color re- action. Control embryos were treated with only PBT plus 1% DMSO. Embryos were then dehydrated into methanol and transferred into the clearing agent, benzyl benzoate. Some experimental embryos were treated with the DNA stain, 4,6-diamidino-2-phenylindole (DAPI), to visualize the location of nuclei. Images were produced with a Leica photo system for a Leica Leitz DM RD compound scope. Further details regarding methods are available upon request.
RESULTS

Chiton
We find that a Dll -like gene is expressed prior to and during gastrulation in the embryos of molluscs. In the polyplacophoran M. muscosa , the DLL antibody is present in low levels throughout the oocytes and in a higher concentration at one pole (Fig. 2) . Molluscan eggs generally have polarity prior to fertilization (Verdonk et al. 1983) , and it has been reported that morphogenetic determinants are present in the vegetal hemisphere, which represents the point of contact with the ovary (Collier 1997) . Because these oocytes did not develop beyond the stage shown in Fig. 2 , we are not certain which pole is vegetal versus animal. This localization of DLL antibody suggests that DLL gene products are present in the unfertilized eggs of this chiton.
Snail
In the gastropod K. kelletii , we find expression of DLL gene products prior to gastrulation, during gastrulation, and through the formation of the veliger larvae (Figs. 3-6 ). K. kelletii is a neogastropod with internal fertilization. This precluded us from obtaining unfertilized or newly fertilized embryos from this species. The earliest stage examined in this study is similar to the stage diagrammed in Fig. 3A . At this pregastrulae stage (approximately 60 cells), the DLL antibody, although apparently localized to the animal pole, is actually present in all cells, e.g., both micromeres and macromeres (Fig. 3) . As development continues (approximately 64-68 cell stage), the DLL antibody continues to be localized to the embryonic nuclei (Fig. 4) . These stages are prior to or just at the onset of gastrulation.
As the cells of the micromere cap begin to proliferate, cell movement is evident in the form of epibolic gastrulation (Fig. 5) . At this stage in the DLL antibody-treated embryos, it is easy to follow the movement of the animal cap cells toward the vegetal pole (Fig. 5B) . In whole mount, it is at this point difficult to determine whether all cells of the embryo are continuing to stain with the DLL antibody. The ratio of micromere cells to macromeres is very high and the macromeres are obscured by yolk even in well cleared embryos. However, in sectioned embryos it is apparent that virtually all micromere-derived ectodermal cells are stained, whereas most of the macromere-derived internal cells no longer stain (data not shown). This is also supported by a whole mount view from the vegetal pole (see Fig. 5D ). From postgastrulation through to the early veliger stage, the DLL antibody is most abundant in the cells of the newly formed ectodermal germ layer (Fig. 6) , also confirmed by sectioning. In larvae with a partially formed shell, the DLL antibody is clearly localized in the ectoderm of the embryo (Fig. 7) . This pattern of DLL antibody localization suggests that the DLL gene products are present in the pregastrula, gastrula, and early larval stages of this marine gastropod.
DISCUSSION
Our data document the expression of DLL gene products during portions of the early embryonic development of two molluscan species. These two species not only represent two classes of mollusc, but they also represent two different modes of development common to this phylum. M. muscosa , a polyplacophoran, is free spawning, that is, fertilization is accomplished via the broadcast of gametes, and it is external. However, K. kelletii , a gastropod, reproduces via internal fertilization (copulation), and the resulting fertilized eggs are deposited in egg cases attached to the hard substrate. M. mucosa will develop as a planktotrophic larva, whereas K. kelletii is nourished within the confines of a protective egg case.
In light of previous results from a variety of other taxa, we conclude that our data lend support to three previously established possible early roles for this transcription factor. First, our findings can be compared with reports of DLL transcription and expression in the extra-embryonic, maternal, and early embryonic tissues of several deuterostome species. Here, we have the first report of DLL expression in the oocytes of a chiton, a classic spiralian protostome. It is possible that DLL may have a conserved maternal function such as has been reported for frogs and humans (Asano et al. 1992; Quinn et al. 1997) . Interestingly, embryonic animal-vegetal axes are established prefertilization in both frogs and molluscs. Frog embryos are highly polarized as a result of oogenesis, and DLL transcripts have been reported from both frog ovary tissues and unfertilized eggs (Asano et al. 1992) . Placental tissues from a human are also found to contain a variety of important transcripts, including DLL (Quinn et al. 1997 ). Early postimplantation mammalian embryos might also express DLL gene products.
Second, our results support the link between DLL genes and the animal pole/anterior regions of embryos. As in amphioxus (Holland et al. 1996) and zebrafish (Akimenko et al. 1994) , we find the expression of DLL gene products at the animal pole of pregastrulae (although not exclusively; we also see DLL expression in the macromeres). This animal pole region gives rise to anterior structures in these taxa (for review on molluscs, see Collier 1997) . DLL involvement with the development of anterior embryonic structures is also well documented for frogs and mice (Price et al. 1991; Robinson et al. 1991; Asano et al. 1992; Dollé et al. 1992; Özçelik et al. 1992; Bulfone et al. 1993; Dirksen et al. 1993 Dirksen et al. , 1994 Papalopulu and Kitner 1993; Porteus et al. 1994; Robinson and Mahon 1994; Simeone et al. 1994; Weiss et al. 1994; Morasso et al. 1995; Nakamura et al. 1996; Liu et al. 1997; Qiu et al. 1997) .
Third, our data support the notion that DLL genes function in the process of germ layer formation, specifically the differentiation of ectoderm. Previous studies have documented the potential role of DLL genes in ectoderm patterning and differentiation for Drosophila and a variety of deuterostome groups (Cohen 1990; Morasso et al. 1993 Morasso et al. , 1995 Akimenko et al. 1994; Dirksen et al. 1994; Holland et al. 1996; Lowe and Wray 1997) . For a gastropod, we find DLL gene products expressed in the animal cap, presumptive ectoderm, of gastrulation stage embryos and later, highlighting the ectoderm of gastrulae and early veliger larvae. Again, this expression in the animal cap is not exclusive at the early stages (pregastrulation), since DLL expression can clearly be seen in the macromeres as well as micromeres. These data suggest the possibility that there are multiple roles for DLL in early development that are conserved across phyla. Of course it is also possible that any of these apparent similarities are the effects of convergence, and emphatic conclusions supporting either conservation or co-option must be reserved for a time when more comparative data are available.
Although gastropod molluscs develop through a larval stage, many of the larval structures will become adult structures as development proceeds. The larval ectoderm, for example, will become the adult ectoderm. This is very different from most echinoderms where larval ectoderm is either cast off or reabsorbed but does not in and of itself become adult ectoderm. This is an important distinction and very interesting in combination with data that suggest that DLL is not expressed in the echinoderm larval ectoderm but is expressed in the developing adult ectoderm . It has been argued that development of all bilaterian larvae proceeds by a process of set aside cells comparable to that which is evident as the adult rudiment of urchins (Davidson et al. 1995) . However, molluscs do not appear to use a set aside cell mechanism in development. Furthermore, if DLL is found to be a marker for early ectoderm development, DLL expression in the ectoderm of the developing urchin rudiment suggests that this stage is comparable to the gastrulation stage of spiralians. If this is the case, then the echinoderm larval structures may represent unique features which evolved within the echinoderms and not a shared basal bilaterian feature. More work on the expression of developmental genes in early development for a range of taxa is needed to supplement studies on the polarity of evolution of larval structures and early development in animal evolution.
Our research, and most work on DLL, has relied on the application of the polyclonal antibody developed by G. Panganiban. This approach produces correlative evidence that allows us to speculate on gene function, but gives no test of a gene's true role in development nor its interactions with other developmentally important genes. The antibody patterns may reveal similarities between taxa, which can then be interpreted as conservation of gene roles or convergence of gene function in diverse taxa. These speculative interpretations require further lines of evidence for corroboration.
Curiously, very few DLL orthologs have actually been isolated, sequenced, and/or reported for invertebrates and so there is very little known about function and potential duplications outside the most common developmental models. Although we have attempted to isolate and clone DLL orthologs from molluscan and polychaete species, we have not yet been successful. We therefore are unable to confirm our results with in situ techniques and we cannot analyze the gene sequence(s). Without an understanding of the gene itself, it is unclear in our study, and in others using only antibody evidence, whether the DLL antibody is localized to the products of a single, or multiple, DLL genes. If duplication has occurred, it is possible that new genes may take on novel functions or there may be a division of labor, as is seen in the vertebrate DLL genes .
Previous evolutionary interpretations of DLL gene functions have focused on possible conserved roles in appendage development across phyla. Here we explore DLL expression in the early development of molluscs. Our results, in conjunction with previous observations, suggest the possibility of roles for DLL genes early in development. The details of downstream regulation of the DLL genes in the control of morphogenesis are unclear, but through a review of the literature, several recurring themes present themselves: maternal expression of DLL in extra-embryonic tissues and in the developing oocytes, prefertilization expression of DLL in the egg, pregastrulation expression of DLL in the animal pole of the embryo, expression of DLL associated with the ectoderm or ectodermally derived structures, and expression of DLL in anterior embryonic structures. These themes suggest that DLL genes may be involved with very early animal-vegetal patterning of the embryo, creation of germ layers, ectodermal specification and differentiation, and subsequent patterning of structures derived from that tissue layer. This summary relies on data from a wide variety of taxa, including arthropods, echinoderms, cephalochordates, fish, amphibians, mammals, and now molluscs, as presented in this paper. Data from these taxa support one or more of the above-listed themes. Our results suggest that DLL gene products may function early in mollusc development, probably beginning prefertilization in the developing oocyte and continuing throughout early development from pregastrulation through to the formation of the veliger larvae.
Developmental data tend to be restricted to very few taxa that have a limited distribution across the metazoan tree. As more data become available for understudied species and phyla, a clearer picture regarding an "ancestral role" and the subsequent functional evolution of developmentally important genes such as DLL should emerge.
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